Pulse-labeled ribonucleic acid (RNA) was extracted from polysomes of sporulating cells of Saccharomyces cerevisiae and characterized in sucrose gradients and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Transfer RNA, ribosomal RNA, and heterodisperse RNA, presumed to be messenger RNA, were synthesized during a 20-min pulse at T4 and T9 when labeling was performed in sporulation medium adjusted to pH 6.0. Furthermore, ribosomal RNA was processed into functional ribosomes during the pulse. The specific activity of pulse-labeled RNA of cells labeled in sporulation medium where the pH was unadjusted at T4 (pH 7.8) and Tg (pH 8.6) was 20-to 50-fold lower than RNA from cells labeled at pH 6.0. The low specific activity resulted from a 50-fold reduction in uptake of labeled precursors when the medium pH was greater than 7.2. However, heterodisperse RNA ranging from 4-17S in size and transfer RNA were synthesized during the pulse at T4 (pH 7.8), but the low specific activity of ribosomal RNA prevented a thorough analysis of its synthesis.
The temporal pattern of ribonucleic acid (RNA) synthesis during sporulation in Saccharomyces cerevisiae was first described by Esposito et al. (1) . Active periods of synthesis occurred at T,o and T24 in sporulation-competent and meiotic mutant strains. Subsequently, it was demonstrated that sporulating cells become impermeable to precursors of nucleic acid and protein, and, consequently, the determination of active periods of transcription and translation using radioisotopes may be distorted. The impermeability results from a rise in the culture medium pH during the sporulation process and can be overcome by adjusting the medium to pH 6.0 for optimum uptake of precursors (7) . When RNA synthesis was measured during conditions for optimal uptake, a broad peak of activity ranging from T2 to T8 was observed (3, 7) .
RNA synthesized during yeast sporulation has been partially characterized by using polyacrylamide gel electrophoresis (4, 5) . A 20S species of RNA is synthesized and accumulates during sporulation. Although its base composition is different from 188 ribosomal RNA (rRNA) and it is virtually unmethylated, it shows 70% homology with 18S RNA in DNA:RNA hybridization compeitition experiments (12) . Sogin et al. (12) have also noted that processing of 18S and 26S rRNA in sporulating yeast was about 10 times slower than in the vegetative cell state. Only after 2 h of labeling was rRNA radioactive in meiotic cells.
This paper presents a characterization of pulse-labeled RNA from polysomes of sporulating yeast. The pulse-labeled RNA was extracted from cultures in which the pH of the medium was adjusted for optimum uptake of labeled precursor and in companion cultures in which the medium pH was unadjusted. Evidence is presented that indicates that, after pulse-labeling at pH 6 Oligo(dT)-cellulose column chromatography. The procedure for extracting poly(A)-containing RNA has been previously described (9) . Approximately 0.1 g of oligo(dT)-cellulose was packed over glass wool in a Pasteur pipette. The column was extensively washed (100 ml) with deionized water at a flow rate of approximately 0.4 ml/min. The column was subsequently washed with 50 ml of high salt (HS) buffer containing 0.01 M tris(hydroxymethyl)-aminomethane, pH 7.5, 0.5 M NaCl, and 1 mM ethylenedinitrilotetraacetic acid at a flow rate of J. BACTERIOL. approximately 0.2 ml/min. RNA dissolved in 0.5 ml of HS buffer was passed through the column at a flow rate of approximately 0.15 ml/min, and the column was washed with 20 ml of HS buffer to collect the non-poly(A)-containing RNA. Poly(A)-containing RNA was eluted from the column with 15 ml of buffer containing 0.01 M tris(hydroxymethyl)aminomethane, pH 7.5, 1 mM ethylenedinitrilotetraacetic acid, and 0.2% sodium dodecyl sulfate at a flow rate of 0.15 ml/min. Fractions (2 ml) were pooled, and the RNA was precipitated with an equal volume of absolute ETOH overnight at -20 C. The RNA was collected by centrifugation at 27,000 x g for 30 min at 4 C and dissolved in sterile water.
Materials. The [3H]adenine and ['4C]adenine were purchased from Schwarz/Mann. Polyvinyl sulfate and cycloheximide were purchased from Sigma Chemical Co. The following were also used: Triton X-100 (Rohm and Haas) and oligo(dT)-cellulose (Collaborative Research, Inc.).
RESULTS
Optimum pH for uptake of adenine. The uptake of adenine by a homothallic yeast strain during sporulation previously had been shown ]adenine. Samples (0.5 ml) were taken from a culture that had been incubated in sporulation medium for 5 h, centrifuged, and resuspended in 0.5 ml of sporulation medium containing 0.4 puCi of ['4C]adenine per ml (46.9 mCi/mmol). After a 10-min pulse, samples were assayed as previously described (11) . Control represents uptake and incorporation at pH 6.0 in cells previously incubated for 10 min at 60 C. to be optimum at approximately pH 6.0 (7). The uptake and incorporation of ['4C]adenine into RNA was also determined to be optimum at pH 5.8 to 6.0 for heterothallic strain 4579 (Fig. 1) . The incorporation at pH 6.0 was approximately 50-fold greater than that at pH 7.2 or 9.0, the approximate culture medium pH at T4 and T9, respectively.
Polysome gradient analysis. Polysome profiles were obtained from strain SK-1 at T4 and strain 4579 at T4 and T9 (Fig. 2) . The percentage of ribosomes active in protein synthesis was slightly greater in cultures in which the medium pH was unadjusted during the pulse-labeling. Approximately 49% of the ribosomes of 4579 were in the polysome fraction at T4, whereas 42% were active at T9, ( Fig. 2A and C) .
The corresponding values for cultures that were centrifuged and resuspended in sporulation medium adjusted to pH 6.0 were 43% at T4 and 31% at T9, (Fig. 2B and D) . Although the percentage of ribosomes as polysomes was similar between cultures labeled at pH 6.0 or at the unadjusted pH at either T4 or T9, the radioactivity in the polysome region of strain 4579 was reduced 20-to 40-fold at T4 and from 40-to 100-fold at T9 when the pH was unadjusted ( Fig. 2A-D) . A reduction of more than 50-fold was observed at T4 in SK-1 cells labeled at the unadjusted pH ( Fig. 2E and F) .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. With the exception of the polysome gradient containing material from SK-1 cells that had too little radioactive RNA to analyze (Fig. 2E) , each polysome gradient was subsequently delineated into: the top (fractions [1] [2] [3] [4] ; the subunit region (fractions [5] [6] [7] [8] [9] [10] [11] ; and the polysome region (fractions from the trimers to the bottom). The monomers and dimers were excluded from the polysome fraction to assure that none of the large amount of inactive 60S ribosomal subunit material would be collected with the polysome fraction. Regardless of the labeling scheme used, 4S RNA was synthesized during the 20-min pulse at T4 (Fig. 3A and B) . SK-1 cells labeled at T4 (pH 6.0) also synthesized 4S RNA, as did 9-h sporulating cells of strain 4579 labeled at pH 6.0 ( Fig. 3C and D) . The specific activity of the RNA at T4 (Fig. 3A and B) from 4579 was 25-fold greater when labeling was done at pH 6 .0. The specific activity of the RNA extracted after the pulse at T9 (pH 8.6) in unadjusted medium was too low, and no discernible pattern of radioactivity was observed on gels.
The electrophoretic patterns of RNA extracted from the subunit region of the polysome gradients are presented in Fig. 4 . The radioactivity of rRNA from inactive ribosomes of 4579 that had been labeled at the unadjusted pH at T4 (Fig. 4A) (Fig. 4B-D) . The radioactivity present in fractions 30 through 45 may have resulted from rRNA degradation or may represent heterodisperse messenger RNA, which was associated with the monomer and dimer material that was included in this fraction. rRNA was also synthesized for SK-1 cells during the pulse at T4 (pH 6.0) (Fig. 3D) .
The profile of polysomal RNA from 4579 pulse-labeled at T4 at the high or low pH was similar ( Fig. 5A and B) . However, the specific activity of the RNA labeled at the higher pH was more than 30-fold lower than at pH 6.0. The peak fractions of radioactivity occurred in the 18 and 25S region and as a large amount of heterodisperse material between 4 and 18S. A similar profile was obtained when SK-1 was labeled at pH 6.0 at T4 (Fig. 5E) . The pattern obtained with 4579 at T9 (pH 6.0) was nearly identical with that at T4 (Fig. 5D) . However, cells labeled in the unadjusted medium at T, (pH 8.6 ) had RNA at very low specific activity and no discernible peaks were observed (Fig.  5C) .
Fractionation of polysomal RNA by oligo(dT)-cellulose chromatography. The efficiency and rapid kinetics of sporulation of SK-1 made it an appealing strain for studying the synthesis of rRNA and its processing into functional ribosomes. Typically, spores were first detected between T8 and T,, and more than 95% of the cells underwent meiosis and formed mature asci by T,f (Table 1) . Pulse-labeled RNA extracted from material in the polysome gradient, which sedimented faster than the dimer peak (Fig. 2F) , was fractionated by oligo(dT)- cellulose chromatography to enrich for rRNA. The material that had absorbance at 260 nm was recovered only in the HS buffer eluate after a single passage through the column. The total amount of labeled RNA (252,800 counts/min recovered from the column represented 89% of the input label, and 70% of that recovered was in the HS buffer. RNA that failed to bind to the column in the presence of 0.5 M NaCl was subsequently analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the presence of labeled rRNA (Fig. 6) . The functional ribosomes contained 18 and 25S RNA, which were synthesized during the pulse-labeling. Labeled heterodisperse RNA ranging from 4 to 16S in size also failed to bind to the column. DISCUSSION The results of the present study indicate that 4-and 9-h sporulating yeast cells synthesize transfer RNA, rRNA, and heterodisperse RNA, which is believed to be messenger, during a 20-min pulse at pH 6.0. The characterization of the labeled RNA on gels has revealed that labeling in sporulation medium adjusted to pH 6.0 increased the specific activity by 20-to 50-fold. These results are consistent with earlier work, which demonstrated that the entry of adenine into the purine pools was increased 40-fold when sporulating cells were pulse-labeled at pH 6.0 rather than at 8.0, the unadjusted pH of the medium (7) . That uptake of adenine was more efficient at pH 6.0 may be simply a reflection of the optimum pH for the adenine permease. Surdin et al. (13) have demonstrated that, in addition to nucleic acid precursors, uptake of numerous amino acids was optimum in the range of pH 5.0 to 6.0.
The low specific activity of RNA extracted from cells labeled in unadjusted sporulation medium, in which the pH was greater than 7.5, prevented a complete analysis of transcripts synthesized during the 20-min pulse. Transfer and heterodisperse RNA were synthesized at T4. Although the polysome profiles of cells labeled at either pH 6.0 or 8.6 were similar at T9, the very low specific activity of the RNA labeled at the higher pH precluded any analysis. (Fig. 4B-D) . These results are representative of the time reported for processing rRNA in exponentially growing yeast (14) , but they are approximately sixfold faster than that previously reported for sporulating yeast (12) . That rRNA processing occurred in two diverse strains, one of which (SK-1) attained greater than 95% sporulation at T,5, essentially ruled out the possibility that the processing observed occurred primarily in the population of nonsporulating cells. Furthermore, analysis of the rRNA from ribosomes active in protein synthesis revealed that newly synthesized rRNA was packaged into functional ribosomes during the 20-min pulse. However, it remains to be determined whether the rate of processing of rRNA in strain SK-1 is representative of all strains that have a very synchronous and high frequency of sporulation. Until a satisfactory method for labeling cells without changing the pH of the medium is devised, it will remain unclear whether the rapid rate of rRNA processing observed in cells labeled in medium at pH 6.0 is truly representative of the rate that is occurring in cells that have not undergone the transient change in pH.
